Anthropogenic activities result in alterations of the environment in various forms, chemical pollution being one of the most well-known [1] . Chemical pollution may alter one or more types of habitats (terrestrial, aquatic etc.), through direct or indirect actions on components of ecosystems [2] . Direct effects include toxicity on various organisms, due to interactions with nutrient uptake, oyxgen and light availibility or metabolic activity. Indirect effects mainly relate to modifications of ecological mechanisms such as trophic relations or competitive interactions between species [3] .
Nevertheless, a chemical substance released into the environment may be a contaminant but not a pollutant, depending on numerous factors, starting with its concentration in a given medium and continuing with availability, modifying factors in the environment and reactions of the exposed organisms [4] . Therefore, for a given substance, testing must be performed to determine whether the pollutant criterion are met and to generate safety data that must be accounted during usage and disposal of such substances [5] [6] [7] [8] [9] . This is a major requirement for regulation of various anthropogenic activities and industries [10] [11] [12] , from chemicals production (pharmaceuticals, solvents, pesticides, foods, dyes etc.), to product usage (agricultural practices, electronic devices manufacturing, textile industry) and residues disposal (municipal and industrial waste management policies). Furthermore, for many substances, toxicological data is missing, mainly because the limited sets of standardized test and the high number of speciescompound combinations that should be tested in order to achieve relevant data [13] [14] [15] [16] [17] [18] .
* email: fortuna.maria@icmpp.ro Toxicological testing is a core aspect of risk assessment of chemicals, with regulations such as TSCA in U.S. (Toxic Substances Control Act) or REACH (Registration, Evaluation and Authorization of Chemicals) in E.U. establishing data requirements for substances that enter the environment [5] . Testing guidelines are established by international organizations such as OECD or ISO, with recommendations for in vitro, in vivo, field or in situ methods of toxicity assessment [19] . However, among standardized in vivo tests, many offer information only on organism level, pertaining to species survival, growth and development. Tests species using species such as Lemna instead, offers populational information on effects, which may lead to increased relevance when combined with available data of species ecology [20] . This is owed to the characteristics of this specie, which forms colonies as new individuals are generated most often through budding. Moreover, Lemna tests are considered comparable or more sensitive than algal tests or animal tests, especially when colored pollutants are present in aquatic environments [21, 22] . Direct Red 28 (C.I. No. 22120, molecular formula C 32 H 22 N 6 Na 2 O 6 S 2 , molecular mass 696.66 g·mol -1 , the sodium salt of benzidinediazo-bis-1-naphthylamine-4sulfonic acid, CAS 573-58-0, synonym Congo Red), is a compound used for its coloring abilities, mainly in the textile and paper industries, in testing for presence of hydrochloric acid in gastric contents, for testing of amyloidosis and for staining of cellulose-containing tissues in laboratory appplications, as well as a gelling agent for (poly)vinyl alcohol for coloured films and coatings, with applications in some other industries as well [23, 24] . It is a diazo dye, one of the major classes of dyes [25] and by degradation it yields benzidine, a highly toxic compound [26, 27] . Thus, its usage in dyeing textile that contact skin was discontinued in E.U., remaining still in use for other applications and probably even for textile industry in some countries.
The fate of azo dyes in the environment may follow one of the routes of adsorption on various substrates (including biosorption on bacterial cells, algae or plants), chemical transformation, photodegradation, air stripping or biological transformation [28, 29] . Transformation of Direct Red 28 in natural environments was chemically described especially for microorganisms. Such organisms may degrade the dye under anaerobic or aerobic conditions, with the aid of enzymes such as laccases, tyrosinase, veratryl alcohol oxidase, azoreductase [30] .
Moreover, the release of azo compounds in wastewaters raises some issues, as these dyes are not easily degradable under aerobic conditions [25] and, due to their colouring properties, may affect photosynthetic activities even at low concentrations [31, 32] . The current data concerning azo dyes toxicities on aquatic plants describe mainly effects on growth and antioxidative enzymes [33, 34] . Such enzymes might be useful in assessing toxicity, but they are not contaminant-specific but rather mechanism of action specific, indicating effects sooner than factors and their activities might influenced by various elements in the environment [35] . Research regarding the genotoxic effect of azo dyes was described in Allium cepa, for BDCP dye that produces nuclear aberrations at 0.1 ppm [36] . Such aberrations may be the result of intercalation of dye between DNA pairs [37] and may induce apoptotic or necrotic cells [36] , resulting in cyotoxicity, as observed in Lemna minor roots or fronds.
Current toxicological data contained in available data sheets for C. I. Direct Red 28 concerns only toxicity towards bacteria, cell lines, rodents and algae. Generally, for C. I. Direct Red 28, toxicity at a cytogenetical level is described only in the case of microorganisms and mammals, but little is known about the genotoxicity on aquatic plants. The mechanisms of azo dyes removal in the case of Lemna minor are not entirely explained, however it is considered that, initially, the dye gets mechanically attached to plant tissues, then it is degraded, probably through antioxidative enzymatic activity [38] . Considering that effluents contaminated with azo dyes may enter habitats with a complex biota, and that higher aquatic plants may be suitable for toxicity testing, the current study aims to establish the effects of Direct Red 28 on Lemna minor L. and to determine if the species holds a potential for remediation of waters contaminated with the considered compound. 
Experimental part Materials and methods Biological material
Lemna minor L. (duckweed) individuals were collected from three natural populations from Suceava county, Romania. Since phenological variability was observed among the three populations, individuals from each population were cultured prior to actual experiment under controlled conditions. The individuals (colonies) with the highest growth rate and most suitbale morphometrical characteristics (frond surface, root length) were selected and further used for testing.
Cultivation conditions
For stock culturing, axenic conditions were established, by surface sterilizing duckweed plants in 0.5% chlorine solution then rinsing them in sterile distilled water. Sterilized plants were introduced in beakers containing sterile cultivation medium. Cultivation was done in SIS culture medium, following the already described recipe [39] , from which MOPS buffer was omitted. Stock cultures were maintained and used as source of duckweed individuals for effective testing.
Testing was conducted according to OECD guidelines for aquatic toxicity [39] . At experiment initiation, duckweed individuals were placed in 400 mL glass beakers, filled with 300 mL test or control solutions. For each variant, 3 replications were set. Each replication initially received 3 healthy, mature duckweed individuals (with at least 2 fronds developed, without any visible alterations of frond surface or of roots). Manipulation of plants, cultivation glassware and medium was performed under a sterile laminar flow hood, using sterile instruments. Following inoculation, beakers were covered with sterile glass Petri dishes to avoid airborne microbial contamination. Cultivation of duckweed was performed using an incubated cabinet, at 24°C constant temperature and 6400K fluorescent tubes supplied light at a 12 h/12 h photoperiod.
Assays
Total fronds surface of duckweeds was monitored on digital photographs of the colonies using ImageJ software. Fresh mass of plants and the ash content were determined gravimetrically. Root lengths were measured using a caliper.
Growth rate was calculated based on differences in total frond surface, following the formula:
where Ft n is the total frond surface at moment t n .
Anatomical observations were performed on fresh sections of fronds and on roots. For observing accumulation of dye in tissues, cellular contents in sections was evacuated using bleach solution.
The content of chlorophyll in fronds was determined in 80% aqueous acetone extracts. After filtration of extracts, their absorbances were read at 470, 646 and 663 nm wavelengths and formulas from Wellburn [40] were used.
Chlorophyll fluorescence was measured using a FMS2 portable fluorometer (HansaTech Ltd.). ÖPSII values were obtained for nine fronds per variant.
Total phenolic contents were determined in 70% ethanolic extracts prepared from Lemna minor fronds based on the Folin-Ciocalteu reagent assay according to [41] .
Cytogenetic analyses were performed using frond material hydrolysed in hydrochloric acid:water (1:9 v/v) solution and stained with acidified carmine reagent [42] . The material was squashed on a microscope slide and various cell cycle phases were counted. A number of minimum 1000 cells were counted for each variant.
The content of Direct Red 28 dye in the growth medium was monitored by spectrophotometric analyses at 450 nm, at various moments, by extracting aliquots from the growth vessels.
Results and discussions Morphological and structural effects
The dye present in medium reduced the growth of Lemna minor plants, compared to control individuals. The inhibition was observed for frond growth ( fig. 3 ), root elongation, as well as for fresh biomass ( fig. 4 ). For these parameters, the effect was dose-dependent, with correlation factors r of -0.85, -0.80 and -0.77 respectively. The total frond surface presented a positive growth trend for control plants and 5-1000 ppm dye concentration in medium plants over 7 days, while plants grown on 2500 and 5000 ppm dye showed no significant increase in the same interval. Based on frond total surface, the calculated IC 50 of dye was 1530 ppm.
Concomitantly with quantitative reductions of morphological parameters, Lemna individuals grown on dye supplemented medium also displayed necrosis formation on fronds, along with dye uptake in the epidermis ( fig. 5a-d, g and h) . In roots, the presence of the pigment in medium led to dye uptake and alteration of structure, especially at the level of the rhizomitre ( fig. 5e and f) . Microstructurally, the surface of fronds of control plants was uniform, with flattened cells, whereas dye grown 6 ).
Physiological and cytogenetical effects
Regarding the photosynthetic apparatus, the dye in medium lead to a decrease of chlorophyll a and an increase of chlorophyll b amounts, especially at high concentrations (table 1). A stimulation of carotenoids and xanthophylls synthesis -accessory pigments -was also observed at 1000, 2500 and 5000 ppm dye concentration variants.
The ΦPSII index had similar values in control and 5-250 ppm dye concentration plants, after 3 and 7 days of cultivation, between 0.77 and 0.8, with a decrease after 5 days of cultivation ( fig. 7) .
In plants which were grown on 1000, 2500 and 5000 ppm concentration of dye, the qauntum yield values were much lower after 3 days of cultivation (0.70-0.73) and tended to increase after 5 and, respectively, 7 days of cultivation. However, in 5000 ppm dye plants, the ΦPSII values after 7 days reached only a maximum of 0.737. The steady state fluorescence (Fs) and maximum fluorescence (Fm') values in the light adapted state, in control and 5-1000 ppm plants, were similar or higher after 7 days of cultivation compared to those after 3 days of cultivation (table 2). In 2500 and 5000 ppm plants, the values of the two indices recorded a decrease during the cultivation, from 3 to 7 days.
Total phenolic contents of plants was increased in 500 and 1000 ppm dye concentration plants compared to control ones, and was reduced in all other treatments (table  3) .
The presence of dye in medium also influenced the cellular cycle, by reducing the mitotic index in 5 and 1000 ppm dye plants compared to control ones and completely inhibiting it in 5000 ppm dye plants (table 4). In the same time, the chromosomal aberrations frequency was increased in both 5 and 1000 ppm dye plants by a factor of 2.8 and, respectively, 5.2 compared to control individuals. Properties of growth medium during cultivation Following the growth of plants, the medium recorded an increase of the pH, with alkalinisation taking place from 6.5 at the beginning of cultivation and reaching 7.6-8.0 after 7 days ( fig. 8 ), however no significant differences between variants were observed. The concetration of dye in the medium registered decreases during the cultivation period for 5, 50, 250 and 1000 ppm variants, with a maximum of 56 % reduction at 250 ppm dye treatment (table 5). There was no reduction observed in variants where plants did not record actual growth, at 2500 and 5000 ppm dye.
The use of dyes in textile manufacture results in large amounts of coloured water, estimated at up to 65 L/kg of clothes produced and up to 70% of the dyes used are azo compounds. Such modifications of water quality may lead to toxic effects on aquatic plants, mostly by interfering with light and gas availability and by direct effects on plants metabolism [43] .
The ability of Lemna minor plants to grow on medium contaminated with Congo Red dye at relatively high concentrations reflects the potential of plants to cope with the presence of the compound. Some aquatic macrophytes, such as Potamogeton, Eichornia, Myriophyllum, Ceratophyllum etc. are known to be able to uptake dyes, including azo varieties and to detoxify them, resulting in partial decontamination of the substrate. Proposed biosorption mechanisms are extracellular accumulation, cell surface sorption and intracellular accumulation [44] . The azo dyes, containing -N=N-links, are reduced to amines molecules through non-specific reduction by electron transporters such as flavins or quinones or through specific azo reductases [45] . Azo dyes may be also transformed by non-specific enzymes such as peroxidases, superoxidismutases, laccases, tyrosinases etc [46, 47] The Lemna plants tolerated concentrations of up to 1000 ppm of dye while still showing active growth. However, the reduced growth rate points to reduced rates of cellular replication, translated by lower fresh mass of plants and reduced root lengths. Similar effects were observed in Lemna minor plants grown on an azo dye, Basic Red 46 [34] , where up to 73% reduction of the relative growth rate was recorded at 20 mg/L dye. Brilliant Blue R, another azo dye, determined a reduction of Lemna dry mass of up to 74% at 1000 mg/L dye [48] . Reduction of fresh mass proportional to dye concentration were previously reported for Lemna minor in the case of methylene blue [49], while growth rates were reduced up to 65% for actual textile wastewaters [50] . Textile wastewaters are known to induce reduction in also root lengths by affecting cortex structure [51] and by generating genotoxicity in root cells [52] .
The effects of dye appear to manifest at the level of the photosynthetic apparatus, with the macroscopic necrosis observable on frond surfaces pointing to influences on photoynthetic tissues. Reduced chlorophyll a contents indicate an alteration of the photosystems, possibly by increases in chlorophyllase activity or by inhibition of chlorophyll synthesis through regulation of endogenous cytokinins [37] . Lemna minor chlorophyll contents may be modified by substances such as herbicides, and different modes of action induce different degrees of influence on chlorophyll synthesis. Chl a contents decreased from 0.48 to 0.38 mg/g or from from 0.38 to 0.33 mg/g when metribuzin and, respectively, tritosulfuron were added. In the same time, carotenoid synthesis increased in Lemna plants when same herbicides were added, especially after 5 days of cultivation [53]. Chlorophyll b synthesis was increased, similarly to the present study, in Lemna minor plants grown on a monoazo dye, Acid Blue 92 [33] . The increase in carotenoids and xantophylls suggest a protective response of plants at the level of the photosystems. An analogue effect was observed in Azolla filiculoides grown on Basic Red 46 azo dye, xanthophylls being considered to exert protection by quenching chlorophyll molecules in the triplet state and by scavenging [55] . Considering that the quantum yield reflects the efficiency of electron transport in the photosystem, lower values of ÖPSII suggest reduced numbers of reaction centers or electron transporters. Similar alterations of PSII induced by Congo Red were observed in Chlorella vulgaris, at concentrations between 10-25 mg/L [36] . Effects were attributed to reduction of activity in the donor side of PSII by reduced numbers of reaction centers and not by inhibited electron transport between Q A and Q B . Another possible explanation of reduced fluorescence values is an increase in non-photosynthetic quenching of energy, which is performed by carotenoid conversion to reduced forms [38, 56] . This explanation is sustained by the fact that higher amounts of carotenoids were recorded in Lemna minor plants that had modified quantum yield values compared to controls. Sensitivity of chlorophyll fluorescence yield in Lemna minor was also recorded for other substances, such as the herbicide linuron, where 160 -1280 nM concentrations significantly reduced ∆F/Fm'. The effect was assigned a 'closure' of PS II reaction centres, which may directly affect the capture of excitation following the interference of linuron with the flow of electrons through PS II, thereby preventing the reoxidation of Q A by the Q B eacceptor [57] . The effect of Direct Red 28 on the contents of phenolic compounds in Lemna minor was less affected compared to other indices, as the values remained around those of controls and similar to other studies [58, 59] . The alterations of phenolic levels may be explained by the protective activity they may offer to counter the oxidative stress induced by chemicals and such response may be dosedependent, as when sodium-dodecyl-sulfate (SDS) [60] or cyanobacterial toxins are present [61] .
Another effect of Direct Red 28 on Lemna minor plants was at a chromosomial level. The effects of the azo dyes on a genetic level, including Congo Red, are known in microorganisms, terrestrial plants, mammals [62] and include mainly interactions with DNA molecules. The genotoxic effect of azo dyes was described for the terrestrial specie Allium cepa, where BDCP produced increased numbers of chromosomal and nuclear aberrations (CNA) at 0.1 ppm [63] . Some of the aberrations observed in our plants, namely micronuclei formation, stickiness and C-mitosis, were proposed to be the result of improper folding of chromosome fiber, formation of acentric chromosomes and inhibation of spindle formation in Brassica campestris, where Sunset Yellow determined reduced mitotic indices and increased frequency of CNA at 1-5% [64] . For aquatic plant species, according to consulted literature, this is the first report on the effect of Direct Red 28 on genetic material. The reported chromosomal aberrations are probably due to intercalation of dye compounds between DNA pairs, leading to altered enzyme activity and cell replication [36] . The genotoxic influence, manifested through reduced mitotic index and increase in the rates of chromosomal aberrations, may explain reduced growth rates in individuals grown in the presence of dye. The aberrations may lead to apoptotic or necrotic cells [63] , inducing cyotoxicity, as observed in Lemna minor altered roots or necrotic fronds.
The mechanisms of azo dyes removal in the case of Lemna minor are not entirely explained, however it is considered that, initially, the dye gets mechanically attached to plant tissues, then it is degraded, probably through antioxidative enzymatic activity [65] . The present results suggest that antioxidative protection in Lemna minor does not include non-enzymatic mehcanisms, such as increased phenolic compound production. The total phenolic contents, although higher in 250 and 1000 ppm treatments than in control, were not significantly different.
The growth of Lemna minor plants is considered to take place over a wider pH interval, generally between 4 and 9, while dye removal is most effective at 6.5-7 [36, 42] . In the current experiment, following Lemna minor cultivation, the growth medium recorded a continuous increase of the pH over 7 days, from 6.5 to 7.7-8. The increase may be related to plant growth, occurring including in control medium, without dye, however the phenomenon should be considered for further analysis. A similar effect was observed in effluent water of ponds containing azo dyes where Lemna minor was cultivated [66] .
The phytoremediation potential of Lemna minor regarding Congo Red is significant even at high concentrations of pigment. For Basic Red 46, the decolorisation potential of Lemna minor was over 95% at 20 mg/L [42] , for Acid Blue 92, it was over 90% at 20 mg/ L [41], for Brilliant Blue R, it was 58% at 2.5 mg/L [65] , while for industrial effluents, it was 68-83%, depending on light wavelength [58] . Although our values appear lower, the tested concentrations of dye are much higher than those presented in other reports.
Considering that Lemna minor plants were able to maintain metabolic functions when grown on the tested azo dye, the ecosystem level must be taken into account when assessing toxicity of pollutants. The persistence of the dye in Lemna minor tissues, as seen from anatomical analysis and the fact that the degradation products of azo dyes themselves are toxic [62] , may represent sources of bioaccumulation and bioconcetration of toxic compounds. Interpretation of ecotoxicological results must be cautiously proceeded with, as, for example, another azo dye, Disperse Orange 1 was not considered to produce ecotoxicity when tested on Vibrio fischeri and Daphnia similis [67] . Account must be given to the increase in water pollution worldwide [68, 69] , therefore also to assessment of the extent of such effects and the possibilities for remediation. Among various groups of pollutants, as example: organic dyes [70, 71] and, in particular, azo dyes [72] are a significant category. Thus, toxicological data on azo dyes should include tests on as many types of organisms possible, as their bioaccumulation potential may vary.
Conclusions
The azo dye Direct Red 28 exerts toxicity on Lemna minor at concentrations starting at 5 ppm and inhibits growth at concentrations over 2500 ppm, with a calculated EC50 of 1530 ppm. The results confirm the genotoxic and cytotoxic effects of Congo Red, extending the known range of species with aquatic plants, furthermore effects on the photosynthetic tissues are proved. Regarding the tested dye, Lemna minor may be considered as a potential specie for phytoremediation.
